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A B S T R A C T   

RF-sputtered amorphous carbon (a-C) offers a simple and cheap pathway to tune the magnetic properties of 
transition metal thin films for magnetic memories and different spintronic applications. This paper describes 
changes in the magnetic properties of iron thin films with a-C overlayers. In as-deposited samples, hybridisation 
and intermixing at the Fe/a-C interface leads to magnetic softening (Liu et al., 2006) [1], with a reduction in the 
coercive field (Hc) up to a factor of five for Fe/a-C/Fe trilayers, and a 10–30% lower saturation magnetization as 
a function of the metal film thickness. After annealing at 500 ◦C, inter-diffusion and graphitization of the carbon 
layer results in up to a factor five increased coercivity due to increased pinning as shown via Kerr microscopy. 
Therefore, RF-sputtered carbon overlayers and post-processing can tune the anisotropy and domain configura
tion of metallic thin films in a synthesis methodology that is simple, cheap and sustainable.   

1. Introduction 

Magnets are required in many everyday applications from sensing to 
energy generation and information storage. [2,3] Heavy metals are 
frequently combined with transition metal ferromagnets to produce 
compounds or multilayers with the desired magnetic properties for each 
application. [4] For example, compounds of FM material with rare earth 
elements, such as neodymium iron boron (NdFeB) and samarium cobalt 
(Sm-Co) leads to increase the magnetic energy product (BH)max up to 
290 kJ/m [3]. [3–5] At the same time, noble metals such as Pt or Ir are 
used to change the magnetic anisotropy and interface interactions in 
thin films for magnetic storage applications. [6,7] In order to become 
sustainable for the long-term future, these heavy and rare metals will 
need to be replaced with eco-friendly alternatives of similar perfor
mance. Polycrystalline sputtered iron and carbon, because of their 
abundance and easy, eco-friendly processing, represent probably the 
cheapest and most sustainable combination of elements for thin film 
magnetism. The magnetic properties of nanocomposites, thin films and 
hybrid iron-carbon compounds have been studied extensively, although 
a systematic approach to thin film tunability in thickness, layer structure 
and post-processing is lacking. [8–12] 

Large changes in the anisotropy and magnetization of cobalt and iron 
can be obtained by using nanocarbon materials such as C60, [13–16] and 
it has been shown that spin ordering can be induced in non-magnetic 
metals by this molecule. [17–19] Measurements in carbon nanotubes 
gave evidence for contact-induced magnetism at the interface with a 
ferromagnet, [20] and interactions with magnetic nanocomposites. [21] 
The coupling between ferromagnet and carbon-based molecules can 
extend through normal metal layers of nm thickness. [22] A Ni/gra
phene interface has also studied and the results show a strong hybrid
isation effect between the graphene π and 3d bands in Ni. [23] Spin- 
polarised charge transfer and hybridisation between the π -carbon or
bitals and the d-orbitals of transition metals lead to the formation of 
hybrid metal-carbon states, so the magnetic properties can be altered 
due to spin-polarised charge transfer. Molecular materials can also lead 
to a shift in the hysteresis loop that has been identified as exchange bias, 
although its origin could be connected to molecular dynamics and the 
formation of spin polarised electrical dipoles. [16,24] Changes observed 
underline the importance of hybridisation and electron transfer as a 
means to tune interfaces of itinerant ferromagnets using nanocarbon 
materials. They also put in relevance the potential role of amorphous 
carbon layers in heat-assisted magnetic recording (HMAR). [25] 
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In this paper, we focus on RF-sputtered amorphous carbon (a-C). This 
material has ideal qualities for thin film technologies, including 
compatibility with UHV and lithographic processes, very low price for 
the target material, low thin film roughness (~Å) when deposited at 
room temperature and chemical stability at a wide range of temperature 
and conditions. Amorphous carbon is used for example as coating in 
hard disks. [26,27] Furthermore, amorphous carbon thin films display 
outstanding mechanical, chemical, and optical features, accredited to 
the flexibility of sp hybridisation. [28,29] There have been previous 
studies on the mechanical and magnetic properties of metal/a-C com
pounds. Coupling metal films with carbon layers can enhance the 
graphitisation of carbon when a-C films are heated between 425 ◦C and 
600 ◦C for minutes to hours. [29–31] Transmission electron microscopy 
(TEM) confirmed carbon diffusion and crystallisation of a-C/Co/a-C 
trilayers when annealed between 500 ◦C and 600 ◦C. [32,33] Annealing 
between 400 ◦C and 600 ◦C for 2 h can increase the coercivity (Hc) of 
carbon /cobalt chromium platinum alloys (CoCrPt) from 510 Oe to 650 
Oe. The formation of a continuous layer of cementite (Fe3C, an iron 
carbide phase) leads to a higher saturation magnetization. [34–38] 
However, as the annealing temperature is increased to 550 ◦C, a-C atoms 
diffuse into the Fe layer, and eventually create a nano-graphitic phase. 
[39,40] Here, we show that it is possible to tune the anisotropy of iron 
thin films using a-C interfaces, increasing or decreasing the coercivity 
depending on the sample structure and post-deposition annealing. 

2. Results 

2.1. Magnetometry in as-grown bilayers and trilayers 

Our Fe/a-C bilayer samples have the structure Si(substrate)//Ta(3 
nm)/Fe(t)/a-C(5 nm)/Al(5 nm), where (t) ranged from 3 nm to 20 nm. 
Control samples with an a-C layer were also grown for comparison. The 
magnetic in-plane easy axis is determined by a forming field of 300 Oe 
during sputtering. We carry out all our magnetic measurements along 

this in-plane axis. We observe a reduction in Ms when the a-C layer is 
included in the structure. This change is roughly equivalent to one iron 
atom layer (Fig. 1 a), and we attribute it to the formation of a low 
magnetization Fe/a-C interface. We also measure a reduction in the 
coercive field (Hc) of Fe thin films with a-C layers, Fig. 1 b. Bulk prop
erties dominate when the Fe thickness is ≥ 20 nm, with nil or small 
changes to magnetization and coercivity above that thickness. The in
verse dependence with the thickness of the ferromagnet puts in rele
vance the interfacial characteristic of the effect. 

In order to study the magnetic coupling across the carbon layer, we 
grow trilayer Fe/a-C/Fe samples with the structure: Ta(3 nm)/Fe(10 
nm)/a-C(t)/Fe(10 nm)/Ta(5 nm), with t = 0–8 nm. Samples with a-C 
thicknesses of 1 and 2 nm show a large reduction in coercivity of up to a 
factor 5–6. Interestingly, this demonstrates a magnetic coupling of Fe 
films across thin a-C layers, leading to a larger magnetic softening. This 
coupling between interfaces requires a continuous carbon layer, so the 
effect is reduced when t(a-C) ≲ 1 nm. However, as the a-C layer becomes 
thicker than 2–3 nm, the coupling also becomes smaller, increasing Hc to 
the values of Fe control films without a-C. We think that this reduction in 
the coercivity and interlayer coupling is due to a small, induced 
magnetization of the a-C layer via spin polarized charge transfer and 
orbital re-hybridisation, as it is the case in other nanocarbon layers. 
Once the separation between the Fe layers exceeds the propagation of 
this proximity effect, the trilayers de-couple and recover the coercivity 
found in the control samples. 

2.2. Magnetometry in annealed bilayers and trilayers 

There is an increase in Ms when Fe/a-C bilayer samples are annealed 
up to 200 ◦C in vacuum (10− 5 Torr) for one hour. This may be evidence 
of improved crystallinity in the Fe/RF- sputtered a-C structure. Ms values 
in Al capped samples above those of pure Fe are probably due to the 
formation of Fe3C. However, the magnetization drops with annealing 
temperatures above 400 ◦C for samples capped with Al or Nb, as 

Fig. 1. Magnetic measurements of as-grown samples. (a) Change in room temperature Ms for Ta(3)/Fe(t)/a-C(5)/Al(5) compared with control samples of Ta(3)/Fe 
(t)/Al(5), where (t) is the varying Fe thickness. (b) The difference in the coercivity, Hc, between Fe and Fe/a-C as a function of Fe thickness. Results in (a) and (b) are 
averaged over 10 samples for each data point. (c) Hc vs a-C layer thickness (t) in Ta(3)/Fe(10)/a-C(t)/Fe(10)/Ta(5) trilayers. All thicknesses given in nm. 
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indicated in Fig. 2a, b. This lower magnetization is likely due to metal/ 
carbon interdiffusion at high temperatures, in particular when using Al 
cap layers. The formation of non-magnetic iron carbide layer at the Fe/a- 
C interfaces will also reduce the net magnetization of the system. 

[41,42] 
Fig. 3 a and b show the change in Hc for these samples. Hc shows a 

reduction of a factor ~2 compared to as-deposited samples for annealing 
temperatures up to 300–400 ◦C. However, at 500–550 ◦C there is a 

Fig. 2. Magnetization for Ta(3 nm)/Fe(t)/a-C (5 nm)/cap(5 nm) samples, with t = 2.5–20 nm and Al (a) or Nb (b) cap. Samples annealed for one hour in vacuum. 
The first data points at 25 ◦C represent the samples before annealing. 

Fig. 3. Effect of annealing temperatures on coercivity using different capping layers (a) 5 nm of Al (b) 5 nm of Nb. All of the samples were grown on top of Fe/RF- 
sputtered a-C with the structure and Si/SiO2//Ta(3 nm)/Fe(t)/a-C(5 nm)/cap (Al (5 nm)) or (Nb (5 nm)), where 2 nm < (t) < 20 nm. The Hc values were extracted 
from in-plane M-H loops measured at room temperature. 

Fig. 4. Effect of annealing on the magnetic 
properties of Ta(3)/Fe(10)/a-C(t)/Fe(10)/Al(5) 
samples with t = 0.5–10 nm. All the data points 
presented are extracted from hysteresis loops at 
room temperature as-deposited or after annealing 
at 500 or 550 ◦C. (a) Coercivity Hc and (b) 
magnetization Ms. (c) Shows the remanence ratio 
of Ta(3 nm)/Fe(10 nm)/a-C(t)/Fe(10 nm)/Al(5 
nm). Mr/Ms decreased with the increase of RF- 
sputtered a-C for all samples as- deposited and 
annealed at 500 ◦C and 550 ◦C.   
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tenfold increase in Hc from 60 Oe in as-deposited films to > 600 Oe. We 
attribute the change to carbon diffusion and changes in carbon structure 
from amorphous to nano-crystalline, leading to the formation of pinning 
points and small domains –see C. Structural Characterisation and mag
netic images below. At higher temperatures, the pinning sites fuse with 
the iron film, reducing the magnetization further and leading to a drop 
in coercivity. [43] The interfacial effects in this metallo-carbon system 
lead to the possibility of making Fe/RF-sputtered a-C thin films with a 
controlled value of coercivity (Hc) between six times smaller and ten 
times larger than that of pristine iron. 

As it happens for the bilayers, annealing trilayer Fe/a-C/Fe samples 
at temperatures < 400 ◦C lowers Hc, but increasing the annealing tem
perature to 500–550 ◦C also results in a larger (by a factor 7) coercivity. 
Notably, this increase only takes place when the a-C layer forms a 

continuous film, pointing to the importance of having a well-defined 
magneto-carbon interface layer in order to observe these effects. The 
hysteresis loop becomes also more square after annealing, resulting in 
higher remanence, see Fig. 4. The formation of domains after annealing 
leads the magnetization to align in a certain crystallographic direction 
that could enhance the magnetic anisotropy. The Mr/Ms ratio would 
then be affected by the magnetic anisotropy, [42] which is enhanced 
after annealing at 500 and 550 ◦C. 

We use magneto-optic Kerr effect (MOKE) microscopy to study the 
magnetic domain configuration of Fe/a-C before and after annealing at 
500 ◦C (see Fig. 5). The domains observed at the coercive field in Fe/a-C 
bilayers become much smaller and with lower contrast after annealing. 
The changes observed in the hysteresis loop and the MOKE images can 
be explained by a large increase in the density of pinning points. This can 

Fig. 5. The dependence of Hc on the annealing temperature for samples with different Fe thicknesses. Magneto-optic Kerr microscopy (MOKE) images taken at Hc 
show that an as- deposited sample of Ta(3 nm)/Fe(20 nm)/a-C(5 nm)/Al(5 nm) has large domains before anneal- ing (top right image) whereas annealing the same 
sample at 500 ◦C (Hc peak) for 10 h reduces greatly the domain size (bottom right image). Scale bars are 100 μm. 

Fig. 6. Raman spectrum for a sample of Ta(3 nm)/Fe(10 nm)/a-C(5 nm)/Al(5 nm).(a) The (G and D) peaks as indicated by blue and green lines, respectively. (b) 
Raman spectrum of the a-C layers deposited on Fe films after annealing. (c) The position of the G peak (cm− 1) and (d). The intensity ratio I (D)/I (G) for samples at 
different annealing temperatures. The ratio change shows the sp3 to sp2 change in hybridisation. 
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be expected as due to carbon atoms diffusing along grain boundaries of 
the iron thin film, although the crystallisation of the a-C layer may also 
play a role –see Raman measurements below. At temperatures above 
500–600 ◦C, we form non-magnetic iron carbides. This carbon diffusion 
along grain boundaries, non-magnetic carbides and nanocrystalline 
carbon act as magnetic pinning points. The increased density of pinning 
points reduces the domain size (compare Fig. 5b and c), increasing the 
coercivity –see the discussion that follows. 

2.3. Structural characterization 

Next, we considered the change in morphology, diffusion and sp 
hybridisation of as-deposited and annealed a-C layers on Fe films. The 
vibrational modes for the different carbon allotropes are well known, 
and Raman spectroscopy is a straightforward technique to investigate 
these changes. The spectra after annealing show the D and G vibration 
modes at 1360 and 1600 cm− 1, as seen in Fig. 6a. The G band occurs due 
to the stretching of C-C sp2 sites in both rings and chains, whereas the D 
band is due to the breathing of the sp2present in rings only. [41] 

A sample of Ta(3 nm)/Fe(10 nm)/a-C(5 nm)/Al(5 nm) was annealed 
at 100–600 ◦C for one hour in a vacuum 10− 1 Torr. The Raman spectra of 
the Fe/RF-sputtered amorphous carbon with different annealing tem
peratures are presented in Fig. 6 b. The results show a shift in the G 
position from 1561 to 1598 cm− 1 as presented in Fig. 6 c. At the same 
time, the I(D)/I(G) ratio increases from 1.3 to 1.7 after annealing, Fig. 6 
d. These changes in the Raman spectrum are typical for the formation of 
nanocrystalline graphite and a change in the orbital hybridisation from 
(20%) sp2to sp2 only.[18,44,45] 

Fig. 7 a and b show cross-section TEM images of a typical Ta(3 nm)/ 
Fe(10 nm)/ a-C(5 nm)/ Al(5 nm) structure before and after annealing to 
provide in-formation about atomic inter-diffusion. Fig. 7 c and d show 
the TEM elemental mapping across the layers before and after annealing. 
The as-deposited sample before annealing shows clear boundaries be
tween the layers and smooth interfaces. [28,45] After annealing at 
500 ◦C, the a-C layer has diffused partly into the iron layer, although it 

remains close to the surface. Furthermore, annealing leads to carbon 
diffusion along the Fe thin film grain boundaries. [46,47] 

We can use the energy product (BH)max in order to monitor simul
taneously changes to coercivity and magnetisation during annealing 
(see Fig. 8). Although thin films ideally do not generate stray fields and 
cannot be used in energy generation applications, hard magnets are of 
interest in spintronic and magnetic storage applications. Furthermore, 
the results could be extended to bulk samples fabricated by ball milling 
or other means. The magnetization after annealing at 500 ◦C remains 
high, whilst the coercive field increases, giving a maximum magnetic 
energy product for a-C/Fe bilayers of about 50–55 kJ/m3. Whether this 
result can be reproduced in bulk form for permanent magnetism and 

Fig. 7. Cross-sectional high resolution of Fe/a-C/Al films show that annealing may lead to carbon diffusion in iron. Image of Fe(10 nm)/RF-sputtered a-C(20 nm)/Al 
(5 nm) film (1) as-deposited and (b) annealed at 500 ◦C. Elementary line scans show the depth profile composition of the multilayers (c) before and (d) after 
annealing using TEM. 

Fig. 8. Dependence of the maximum energy product on annealing temperature 
for Fe/RF- sputtered a-C with different Fe thicknesses. Note the peak at ~550 ◦C 
corresponding to the maximum coercivity and remanence that we attribute to 
the optimal anisotropy enhancement. 
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energy generation applications would be the object of future studies. 
Nevertheless, for computing and information storage applications, 
where a coercivity of the order of 500–1 kOe can be beneficial, the 
growth of annealing of an a-C layer may be a realistic path. Similarly, if a 
very soft, thin magnetic films are required, we have shown that as- 
deposited iron bilayers with a-C in between can have a coercivity as 
low as a few Oe. 

3. Conclusion 

The magnetic interfacial effects between iron and sputtered carbon 
were investigated in this work. The coercivity of iron films, typically of 
the order of 50–60 Oe, can be tuned by the deposition of a-C overlayers 
to be as low as 10 Oe in as-deposited films, and as high as 600 Oe after 
annealing, depending on the film thickness and post-growth processing. 
Raman spectroscopy and TEM analysis show that the a-C layer changes 
from amorphous carbon into nanocrystalline graphite and partly dif
fuses into the iron film upon annealing at 500–550 ◦C. This results in 
larger domain pinning, increasing the coercivity and reducing the 
domain size. 

Our results show the effects of amorphous carbon layers grown via 
sputtering on the Ms and Hc of iron thin films. The softening and hard
ening of the hysteresis loop via hybridisation and atomic diffusion, with 
large effects of 500% in either direction, could open new paths to 
tailoring the interfacial magnetic anisotropy in ferromagnetic/nano
carbon systems. By heating locally regions of a Fe/a-C bilayer (e.g. via 
laser microscopy), we can also achieve local magnetic pinning and 
control the domain wall mobility and morphology. This has potential 
applications in e.g. the design of magnetic multilayers and for the use of 
amorphous carbon coatings in HAMR. 
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